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PCardiac Imaging
The Salvaged Area at Risk
in Reperfused Acute Myocardial Infarction
as Visualized by Cardiovascular Magnetic Resonance
Matthias G. Friedrich, MD,* Hassan Abdel-Aty, MD,*† Andrew Taylor, MD,‡
Jeanette Schulz-Menger, MD,† Daniel Messroghli, MD,† Rainer Dietz, MD†
Calgary, Alberta, Canada; Berlin, Germany; and Melbourne, Australia
Objectives We aimed to characterize the tissue changes within the perfusion bed of infarct-related vessels in patients with
acutely reperfused myocardial infarction (MI) using cardiovascular magnetic resonance (CMR).
Background Even in successful early revascularization, intermittent coronary artery occlusion affects the entire perfusion bed,
also referred to as the area at risk. The extent of the salvaged area at risk contains prognostic information and
may serve as a therapeutic target. Cardiovascular magnetic resonance can visualize the area at risk; yet, clinical
data have been lacking.
Methods We studied 92 patients with acute MI and successful reperfusion 3  3 days after the event and 18 healthy con-
trol subjects. Breath-hold T2-weighted and contrast-enhanced (“late enhancement”) CMR were used to visualize
the reversible and the irreversible myocardial injury, respectively.
Results All reperfused infarcts consistently revealed a pattern with both reversibly and irreversibly injured tissue. In con-
trast to the infarcted area, reversible damage was always transmural, exceeding the infarct in its maximal ex-
tent by 16  11% (absolute difference of the area of maximal infarct expansion 38  15% vs. 22  10%; p 
0.0001). None of the controls had significant T2 signal intensity abnormalities.
Conclusions In patients with reperfused MI, CMR visualizes both reversible and irreversible injury. This allows for quantifying
the extent of the salvaged area after revascularization as an important parameter for clinical decision-making
and research. (J Am Coll Cardiol 2008;51:1581–7) © 2008 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2008.01.019a
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scute occlusion of a coronary artery initiates an expanding
rocess of myocyte necrosis, which spreads from the sub-
ndocardial parts of the perfusion bed to the more subepi-
ardial layers in what Reimer called the “wavefront phe-
omenon” (1). Without intervention or collateral flow from
ther arteries, this process ends in complete necrosis of the
yocardial tissue within the perfusion bed. The latter has
een referred to as the area at risk. Early reopening of the
nfarct-related artery, however, interrupts this process and
alvages tissue within the area at risk.
Although salvaged, the myocardium within this zone is
ltered by the recent severe ischemia. Induced by inflam-
ation, edema is one of the features of the salvageable area
rom the *Stephenson Cardiovascular Magnetic Resonance Centre at the Libin
ardiovascular Institute of Alberta, Departments of Cardiac Sciences and Radiology,
niversity of Calgary, Calgary, Alberta, Canada; †Franz-Volhard-Klinik, Helios-
linikum Berlin, Kardiologie, Charité Campus Berlin-Buch, Humboldt-Universität
u Berlin, Berlin, Germany; and the ‡Baker Heart Research Institute, Melbourne,
ustralia.s
Manuscript received November 6, 2007; revised manuscript received December 19,
007, accepted January 6, 2008.t risk (2). In contrast to chronic coronary artery occlusion,
yocardial edema occurs early after even brief episodes of
yocardial ischemia (3–5).
Along with recent technical advances, cardiovascular
agnetic resonance (CMR) imaging has become a powerful
ool for the evaluation of irreversible myocardial injury
6–9). Using an extra-cellular contrast media such as gad-
linium diethylene triamine penta-acetic acid (Gd-DTPA),
he region of irreversibly damaged myocardium can be
ccurately identified (10,11) through the depiction of “late
nhancement” (LE) (12).
T2-weighted sequences are very sensitive to water-bound
rotons, especially with imaging parameters as used in our
pproach (13), with a bright signal intensity (SI) indicating
issue edema. T2-weighted CMR has been shown to
uccessfully visualize infarct-related edema (13–15), and
ecent results indicate its clinical applicability for differen-
iating acute from chronic infarctions (16). Expanding on its
se in reversible myocardial injury, Aletras et al. (17)
howed a high accuracy of this technique in identifying the
patial extent of the area at risk (18); yet the relation
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irreversible injury within the area
at risk has not been described in
patients.
We hypothesized that CMR
allows for clinical imaging of
both the salvaged and the irre-
versibly injured tissue within the
area at risk.
Methods
Subjects
PATIENTS. In total, 92 patients
with acute myocardial infarction
(MI) were studied. Sixty-nine
patients were recruited from cen-
er 2 (Franz Volhard Klinik, Berlin, Germany) and 23
atients were recruited from center 1 (Stephenson CMR
entre, Calgary, Alberta, Canada). Forty-eight of the
atients from center 1 participated in a previously published
tudy (16), whereas all center 2 patients were recruited
xclusively for this study. Myocardial infarction was defined
y clinical history of persistent typical chest pain, charac-
eristic electrocardiogram (ECG) changes, and a 2-fold
levation of creatine kinase levels or a positive troponin-T
evel. Patients were not enrolled if they were clinically
nstable, presented with severe arrhythmia, or had known
ontraindications to CMR (claustrophobia, pacemakers, or
mplantable defibrillator devices). To ensure that CMR
maging findings reflected an acute myocardial injury, pa-
ients were not enrolled if they had previous MI.
ONTROL GROUP. Eighteen subjects (11 men and 7
omen, mean age 36  12 years, age range 22 to 62 years)
ith no previous or current evidence of cardiovascular
isorders as revealed by clinical examination and a conven-
ional ECG served as the control group. Subjects in the
ontrol group were not examined by post-contrast CMR
nd did not undergo coronary angiography.
The Charité ethics committee approved this study; writ-
en informed consent was obtained.
ethods
MAGE ACQUISITION. The CMR studies were performed
sing a 1.5 T system optimized for cardiovascular applica-
ions (Signa CV/i, GE Medical Systems, Milwaukee, Wis-
onsin). The patients were continuously monitored during
he examination with a single-lead ECG, repeated blood
ressure measurements, and pulse oximetry. With the pa-
ient in the supine position, a series of real-time images to
ocalize the short axis of the heart were acquired. We then
pplied a breath-hold short-TI inversion recovery pulse
equence (TR 2 R-to-R intervals, TE 65 ms, TI 140 ms,
lice thickness 15 mm, field of view 34 to 38 m, matrix 256
Abbreviations
and Acronyms
CMR  cardiovascular
magnetic resonance
CNR  contrast-to-noise
ratio
ECG  electrocardiogram
Gd-DTPA  gadolinium
diethylene triamine penta-
acetic acid
LE  late enhancement
MI  myocardial infarction
ROI  region of interest
SI  signal intensity
SNR  signal-to-noise ratio256) in 3 short-axis slices (basal, midventricular, and Tpical) using a body coil. Each slice was obtained during an
nd-expiratory breath-hold of 12 to 15 s depending on the
atient’s heart rate.
We acquired LE images in the slice location with the
aximum extent of T2 signal abnormality 10 to 15 min
fter an intravenous Gd-DTPA (0.2 mmol/kg body weight
agnevist; Schering, Berlin, Germany) injection using a
echanical injector (Medrad, Indianola, Pennsylvania). We
sed an inversion recovery gradient echo technique (TR 7.1
s, TE 3.1 ms, TI individually determined, range 200 to
75 ms, slice thickness 15 mm, matrix 256  192), and
mages were obtained during an end-expiratory breath-hold.
MAGE ANALYSIS. Images were stored on magnetic optical
isks and were then transferred for a blinded evaluation to
dedicated workstation as provided by the manufacturer
Advantage Windows 4.0; GE Medical Systems). A myocar-
ial region was regarded as affected when at least 10 connected
ixels of the myocardium revealed an SI of more than mean
2 SD of remote myocardium in T2 images and 5 SD in
E images (19). Remote myocardium was defined by visually
ormal myocardium in contralateral segments.
Regions of interest of the same size were then manually
rawn within infarcted and remote myocardial regions as
ell as within the background noise to measure SI. We
alculated the signal-to-noise ratio (SNR) by the formula:
SNR  SIROI/SInoise
ith SIROI being measured in the region of interest (ROI)
nd SInoise in background air.
Contrast-to-noise ratio (CNR) was calculated by:
CNR  (SIROI  SIremote)/SInoise
ith SIROI being measured in the ROI, SIremote in con-
ralateral segments within the same slice, and SInoise in
ackground air.
The area of abnormal SI was measured in the T2-
eighted image and in the corresponding LE image. Then
he total slice area was measured and the area of signal
bnormality in the T2-weighted and corresponding LE
mage was expressed as a percentage of the total slice area
sing the formula:
(area of high signal/total slice area)  100
Transmural extent of abnormal signal in both sequences was
isually quantified using the maximal extent of the infarcted
rea. When the extension of the enhancing myocardium was
5% or more of the transmural distance, we designated the
ignal abnormality as transmural. The mean myocardial SNR
n T2-weighted images was calculated for each patient.
For comparing results to normal subjects, we assembled a
roup of 18 healthy volunteers and 4 patients with infarcts.
wo blinded observers performed a visual analysis of the
2-weighted images of this group. If visual assessment did
n
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April 22, 2008:1581–7 CMR of the Salvaged Area at Risk in Acute MI Patientsot allow for a definite result, a quantitative analysis was
erformed. For quantitative analysis, ROIs of equal size
ere drawn in the visually abnormal segment as well as
ithin the remote myocardium. An area of at least 10
onnected pixels including the subendocardial region was
egarded as indicative for MI.
Kappa values were calculated for interobserver variability
nd for intraobserver variability after repeating the analysis
y the same readers.
Another observer blinded to CMR data evaluated coro-
ary angiographic examinations. Assignment of myocardial
egments to coronary arterial territories was performed
ccording to the imaging guidelines of the American Soci-
ty of Nuclear Cardiology (20), except for the apical
egment (segment 17), which was not included in our
nalysis.
tatistics. All values are presented as mean  SD. Statis-
ical analysis was performed using commercially available
oftware (SPSS 11.0 for Macintosh, SPSS, Chicago, Illi-
ois). Continuous variables were compared using the Stu-
ent t test or the Mann-Whitney U test depending on their
istribution. Correlation of continuous variables was calcu-
ated using a Spearman or Pearson correlation test, depend-
ng on the data distribution pattern, which was tested using
he 1-sample Kolmogorov-Smirnov (K-S) test. A Bland-
ltman analysis comparing the size of the signal abnormal-
ties in LE and T2-weighted images was performed. A p
alue of 0.05 was considered to be significant.
esults
able 1 summarizes the patients’ characteristics.
ngiographic data. In 16 patients, pre-hospital thrombol-
sis was performed; success was defined as relief of clinical
ymptoms or normalization of ST-segment elevation. One
atient did not show a relevant coronary artery stenosis on
he acutely performed coronary angiography and did not
ndergo further revascularization. Ninety-one patients un-
erwent acute percutaneous coronary intervention (right
oronary artery [RCA] in 45 cases, left anterior descending
rtery in 32 cases, and left circumflex artery in 14 cases).
eperfusion was not successful in 1 patient. There were no
linical events suggesting reocclusion/stenosis in the period
etween the angiographic and CMR examinations.
atient Characteristics
Table 1 Patient Characteristics
n 92
Male/female 71/21 (77% male)
Mean age, yrs 58 12 (range 35–87, median 59)
Mean infarct age, days 3.8 3.4 (range 1–24, median 3)
Mean time from onset of
symptoms to reperfusion, h
15 36 (range 1–264, median 6)
Mean maximum creatine
kinase, IU
2,642 2,064 (124–9,134)m
Ejection fraction 52 10% (range 28%–77%, median 53%)atients. Patient-related data are listed in Table 1. All
atients were studied within 12 days of the acute event, with
2 of 92 patients (67%) being studied within 3 days after the
nfarct. As for the remaining 30 patients, 13 were studied on
ay 4; 6 on day 5; 1 each on days 6, 8, 9, and 10; 3 on day
1; and 2 on day 12.
MR data. All images were considered to be diagnostic.
or analyzing 18 healthy subjects plus 4 infarcts, the
nterobserver agreement between the 2 readers was 0.95
ith a kappa value of 0.86 (95% confidence interval [CI]
.60 to 1.0). Intraobserver agreement for the 2 readers was
.91 with a kappa value of 0.74 (95% CI 0.42 to 1.0) and
.95 with a kappa value of 0.86 (95% CI 0.60 to 1.0),
espectively.
In all 92 patients, a high T2 signal abnormality was
bserved in the infarct region (Fig. 1, right), yielding a
ensitivity of 100% for visualizing injured myocardium.
Predictably, the area of high signal intensity had a mean
NR (normally distributed, K-S test; p  0.113 for SNR
nfarct; p  0.177 for SNR remote) significantly higher
han that of the remote myocardium (12.1  3.9 vs. 6.5 
.8; p  0.0001), with a CNR of 5.6  1.9. Figure 2 shows
n example of an acutely occluded RCA with a correspond-
ng high signal in the inferior left and right ventricular walls.
he localization of LE matched that of high T2 signal in all
ases. The CNR between infarcted and remote myocardium
as 6.2  4.3.
In the slice with maximum infarct extension, the propor-
ion of the area with high T2 signal was 38  15% of the
yocardial slice compared with 22  10% in LE images
average difference 12  8%), corresponding to the revers-
ble injury being 16 11% larger (absolute value) compared
ith the irreversible injury. In relative terms, the edematous
et not necrotic area exceeded the scar by 85  75%.
xamples for the difference of the infarct extent compared
ith that of edema are given in Figure 3.
ontrol group. None of the healthy subjects were classi-
ed as having MI. Sixteen of the 18 control subjects
xhibited visually homogeneous low T2 signal intensity in
he myocardium (Fig. 1, left). However, 2 volunteers
howed a localized (inferior in one and septal in the other)
rea of high T2 signal that, albeit atypical for MI, did not
llow for ruling out acute injury. Therefore, the specificity of
isual interpretation of T2 high signal to rule out acute MI
n volunteers was 89%. Quantitative evaluation of the
uspicious segments, however, was negative for both readers
n both cases. Thus, the specificity was 100% for a combined
isual and—in equivocal cases added—quantitative SI
nalysis.
orrelation between CMR and clinical criteria. There
as a significant correlation (Pearson correlation 0.50; p 
.0001) between the extent of LE (normally distributed,
-S test; p  0.532) and maximum creatine kinase (nor-
ally distributed, K-S test; p  0.189); this correlation was
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bnormality (0.36; p  0.0001).
Ejection fraction (normally distributed, K-S test; p 
.583) correlated inversely with the spatial extent of T2 SI
bnormality (normally distributed, K-S test; p  0.985;
earson correlation 0.44; p  0.0001) and LE (0.47;
 0.0001).
The difference between T2 and LE (normally distributed,
-S test; p  0.270), reflecting salvaged myocardium,
orrelated inversely with the time between onset of symp-
oms and reperfusion (not normally distributed, K-S test;
 0.0001; Spearman correlation 0.37; p  0.0001) and
nfarct age (not normally distributed, K-S test; p  0.0001;
pearman correlation r  0.44; p  0.0001). None of the
MR variables differed between type of MI or gender.
Figure 1 T2-Weighted CMR Images (Short-Axis View)
(Left) T2-weighted cardiovascular magnetic resonance (CMR) image of a healthy s
CMR image of a patient with an acutely reperfused inferior infarction. The infarct-re
Apparent extension into the inferior wall of the right ventricle is visible (arrowhead
Figure 2 CMR Findings in a Patient With Inferior Myocardial In
(Left) T2-weighted image. There is high signal intensity involving the posterior and
(arrowhead). (Right) Right coronary angiogram of the same patient before revascu
magnetic resonance.iscussion
ur study shows that CMR techniques reveal a uniform
attern of the peri-infarct region, also referred to as the area
t risk in reperfused acute MI. It consists of the infarcted
ore and a surrounding zone with myocardial edema.
eperfusion leads to an inflammatory-like response with
ntracellular and extracellular myocardial edema (21) and
ubsequent prolongation of the T2 relaxation time and high
2 signal intensities (22). Thus, the high T2 signal intensity
n acute MI most likely reflects the increased free water
ontent in the area of reversible injury (23,24). Earlier
tudies in animal models of acute MI demonstrated a linear
orrelation between myocardial free water content of the
nfarcted region and prolongation of its T2 relaxation time
with a homogeneous low signal intensity of the myocardium. (Right) T2-weighted
injury is visually apparent by a thickened myocardium with high signal (arrows).
on
ferior and inferoseptal wall of the left ventricle (arrows) and the right ventricle
tion revealing total occlusion of the right coronary artery. CMR  cardiovascularubject
lated
).farcti
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April 22, 2008:1581–7 CMR of the Salvaged Area at Risk in Acute MI Patients25), which encouraged subsequent reports to use T2-
eighted CMR to visualize acute MI (14,26,27). A recent
tudy showed that edema imaging accurately allows for
ifferentiating acute from chronic MI (16).
The finding that in acute MI the area with high T2 signal
xceeds that of irreversible injury agrees with recent animal
ata (28,29). In a pig model, Choi et al. (30) showed that
he high signal intensity in T2-weighted CMR reflects both
rreversibly and reversibly injured, but essentially viable,
eri-infarct zone. One study related this area to preserved
V function (31). In contrast, LE is only observed in areas
f irreversible myocardial injury (10). Persisting Gd-DTPA
ccumulation late after bolus injection most likely is based
n an increased volume of distribution secondary to loss of
ell membrane integrity (32–34) and abnormally prolonged
ash-out kinetics related to decreased functional capillary
ensity in the irreversibly injured myocardium (35). Based
n the first mechanism, LE and T2-weighted CMR should
gree in terms of infarct extent, because interstitial edema
esults in increased Gd-DTPA volume of distribution.
owever, certain pathophysiological factors may render the
eri-infarct zone “T2 positive” but “LE negative.” First, the
unctional capillary density of the reversibly injured myo-
ardium may not be significantly compromised in the area at
isk, and Gd-DTPA washout kinetics would not be sig-
ificantly altered. Second, myocardial edema in the peri-
nfarct zone is mainly interstitial without cell membrane
isruption (30). Therefore, intact membranes may prevent
he intracellular accumulation of Gd-DTPA (36). In a
ecent study by Rehwald et al. (37), Gd-DTPA concentra-
ion was not significantly increased in reversibly injured
Figure 3 Irreversible and Reversible Myocardial Injury in Acute
Reperfused Infarcts in 2 Patients as Visually and Sem
(A) Patient 1. Cardiovascular magnetic resonance (CMR) images 3 days after an a
ing artery in a 71-year-old patient. (B) Patient 2. CMR images 1 day after reperfus
result of a semiautomatic delineation of pixels with abnormal signal as defined by
Note that the spatial extent of myocardial injury in the edema-sensitive T2 imagingschemic myocardium. blinical implications. Clinically, quantitatively assessing
eversible and irreversible injury in acutely reperfused in-
arctions could substantially enhance our view of infarct-
elated tissue injury. One may extend the “dead or alive”
oncept to “dead,” “alive but sick,” or “alive” based on this
ombined approach. Animal data by Garcia-Dorado et al.
38) and Aletras et al. (17) support this conclusion. Both
ound that the area of high T2 signal abnormality closely
atched the pathologically-determined myocardial area at
isk.
In the setting of acutely reperfused infarction, the relation
f myocardial edema to irreversible myocardial injury pro-
ides additional information on the salvaged myocardium
ithin the area at risk. The information could also be used
o guide therapy focused on the vulnerable “battlefield” of
iable yet injured myocardium surrounding the necrosis,
ith infarct expansion being a main therapeutic target.
Recent studies suggest that reduction of myocardial
dema is a novel target to reduce irreversible injury and
mprove left ventricular remodeling (39). Edema imaging
sing T2-weighted CMR could therefore act as powerful
ool to monitor the effect of emerging antiedema reperfu-
ion strategies.
tudy limitations. Because we do not have follow-up data
or the early post-infarction period, we cannot exclude that
he extent of abnormalities was at least in part defined by the
lapsed time from the event.
Because the limited SNR due to the sequence and the
ody coil necessitated thick slices, we did not generate
olumetric data and used the area of the largest extent of
he infarct instead. The observed difference in size may have
matically Defined
reperfused infarct with a subtotal (99%) occlusion of the left anterior descend-
an occluded right coronary artery in a 57-year-old patient. Red indicates the
al intensity of 2 SD above mean signal intensity of the remote myocardium.
sistently larger than that of the necrosis-sensitive late enhancement.iauto
cutely
ion of
a sign
is coneen underestimated, because the relative extent of the
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CMR of the Salvaged Area at Risk in Acute MI Patients April 22, 2008:1581–7urrounding edema is likely to be larger in the outer portions
f the area at risk. However, the finding that the area of
dema exceeded that of irreversible injury was consistent in
he vast majority of patients; therefore, we do not believe
hat volume analysis would have altered our results or
onclusion. Extrapolating our results to patients with non-
eperfused infarcts should be taken with caution. We have
reviously shown, however, that high T2 signal is a feature
f nonreperfused infarcts (16).
onclusions
n patients with reperfused MI, CMR visualizes both
eversible and irreversible injury with very high sensitivity
nd specificity. This allows for quantifying the extent of the
alvaged area after revascularization as an important param-
ter for clinical decision making and research.
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